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A flight  investigation was conducted with a fighterctyp airplane 
to determFne  the l o s s  in rolling  effectiveness  due to wlng twist,  and 
the  results a r e  compared W L t h  the 108s in ro l l i ng  effectiveness  calculated 
by use of a simplified  method. 

The computed rollfng velocities shotred good agreement w i t h  experi- 
=tally  determined  rolling  velocities  throughout  the  Mach  nmiber range' 
covered by t h e  flights.  Ektrapolation of the flight data indicated a 
Mach nmiber f o r  revereal which agreed w e l l  with that obtained f r o m  
calculations. 

The influence of structural  flexibility on perfornaance is aggravated 
by the high speeds at which pres3n-  aircra9t are designed t o  operate. 
Deformations  such fi.8 twist ing of the wings caused by deflect-  con- 
ventional  ailerans result in large reductions in r o l l i n g  velocity with 
ultimate reversal of aileron  control. 

A nmiber of methods are avaflable for calculating t h i s  lose  in 
rolling  velocity due to w i n g  twist  and  the  speed  at  which aileron reversal 
occurs. The methods  -which  estaB-lish an equilibrim. between elaatic and 
aerodynamic  forces along t h e  s p h  require considerable  computation. (See 
references 1 and 2 f o r  example.) Although  based QIL exact formulas, these 
methods a r e  limited in accuracy  to  the accwacg with  which the pertinent 
aerodpamlc parameters and their  variation with Mach llumber a r e  known. 

Simplified procedures also ex-lst wWch psrmit a big saving in 
computation  time. One such method (reference 3 )  i e  Sased on the semi- 
rfgid w i n g  concept an9 replaces  the  actual  wing with an equivalent wing. 
Reversal-speed calculations  carried  out by use of this  simplified  method 
showed  such  good  agk.eement with the  reversal  speed  obtained by the  more 
lengthy mthod of  suzcessive approxlmtlons outlined in reference 2 
that use of the simplified msthod wa6 amply just i f ied.  
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Another simplified  procedure is given In reference 4 where chmts 
and formulas  derived by use of lifting-line theory and a specified 
stiffness  distribution a r e  presented. Overcall induction  effects a r e  
accounted for,  and the variation of rolling velocity w i t h  Mach number 
as w e l l  as the  reversal speed may be determined  with 'a of 
calcula%ion tima. 

In order t o  determine the  correlation  to be expected between 1OSSeS 
i n  rolling velocity  calculated by use of the simplified procedure of 
reference 4 and experimentally determined losses, a fllght-test-program 
was undertaken.  Experimental data were obtained from rolling f l i gh t s  
made through the speed  range up t o  M = 0.7. Aerodynamic and structural  
parameters  required  for the calculations were obtained from two- 
dimensional wind-tunnel tests  conducted in the Langley &foot h i g h p e e d  
tunnel and f'ra stat ic   tors ional   s t i f fness  tests made at  the Langley 
aircraft   loads  calibration laboratory. 

I 

Spibols used in the  present paper a r e  defined as follows: 

wing span, feet  

wing axea, square f ee t  

mean geometric wing chord, f ee t  ( S b )  

~ f n g  t o r s i o m   s t i f f n e s s  at reference  station  (midaileron), 
foa.tcpounds per radian . . 

r o l l i n g " 1 o s s  parameter 

helix-angle p a m s t e r  

angle of twist, degrees 

aileron deflection, degrees 

rolllng velocity, radian6 per second 

Pb/W wing"t1p helix angle, radians 

Q . dynamic pressure, pounds per sqme  foot 

a 

v 
PI 

speed of Bound, f ee t  per second 

,true airspeed, feet  per second 

Mach nudmr ( V/a) 
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P air  density, slugs per  cuibic foot 

was rate of chssge of wing angle of attack with aileron 
deflection for cont3tant normal force at section 

dcddt3 rate of chsnge of section pikhing”t; coefficient 
w i t h  aileron  deflection for  conetant normal force 
at  section 

Flights  were made w i t h  8 aingl-ine, low+dng,  fighter”type 
airplane, having a w3ng approximately  elliptic fn plan form, with a 
span of 40.8 feet asd an aspect  ratio  of 5.55. Ailerons w e r e  of t h e  
mise ty-pe ~5th no differential gearing. The ratio of the  aileron  chord 
a9t of t h e  hfnge to the o v e m  w i n g  chord  varied along the  aileron 
span and was  equal to 0.21 at the nddailerm-epan station. A three- 
view  drawing of the airplane is  shown i n  ffgure 1 and a aketch of t h e  
wing plan form and reference  section at the  mfdaileron  station is shown 
in figure 2. 

Sbaqdard NACA photographic  recording  fnstrumente were used to 
meaaure  airspeed, preeme altitude,  rate of roll,  rate of yaw, aileron 
and rudder position, and eideelip angle. A l l  recorda  xere  synchronized 
by means of 0.l-second  tfmer. 

Airspeed measuremnts were made by uae of a fixed static and t o w  
head  tube mounted on a boom extendiq approximately 1 chord  length 
ahead of t h e  left w i n g  tip. The  installation was calibrated for position 
error. 

The vane f o r  measuremants of sideslip angle was munted on a boom 
located near the  right wing tip. 

ElectricaL  control-position  transmittere  were used to masme aileron 
position and rudder  position, th4 tranemltters  for  nuasurement of aileron 
position  being attachd directly to the aileron  actuating rods to eliminate 
effects of contro1”eystem  elasticity. 

The t w i s t  of the  right wing at a station  Just  inboard of t h s  mid- 
alleron station was obtained in flight by u m  of the inetallation shown 
in figure 3. An aluminum-alloy rod of circular cram section I inch 
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i n  diameter was at tached  r igidly  to  the r i b  a t  wing s ta t ion  64 a3Ld 
extended  outboard  through  the wing to   the   s ta t ion  a t  which  measurement 
of wing twist wae made. A t  t h i s  measurement station an aluminum-alloy 
bsr  extended fore end aft and w a s  a t tached  to   f ront  and rear  spare. The 
spanwise rod and. chordwiee bar were joined at the measwement- s ta t ion by 
a fitting and necked-down deflection beam on which a s t r a in  gage was 
mounted. Twieting of the wing caused this necked-down portion of' the 
fitting to   def lec t ,  and the  variation of twist as transmitted by the 
strain gage w a s  recorded  with a galvanometer located fn the fuselage. 

The ins ta l la t ion  for measwing twist was calibrated by using a 
hydraulic  jack to apply  increments of upload  a t  the rear spar. In order 
t o  measure the actual t w i s t  of the w i n g ,  d i a l  gagee w e r e  located at f ront  

spondlng t o  the  inboard and outboard ends of the twiet  rod. 
. an& rear spars of the wing root chord and of t h e  wing stat ions corre- 

Coqariaon of the  recorded M e t  obtained when a pure  torque w a s  
applied t o  the wing, and when the  hydraulic  jack w a s  used t o  produce 
bending and torsion siruultaneously,  indicated that the presence of w i n g  
bending  did not a f fec t  measurements of twist. . 

All f l i gh t s  were made with power on and with  the  airplane  in  the 
cleancondition. In trimmed level   f l ight   the   a i lerons were deflected 
abruptly and held a t  constant  deflection until the maximum rolling 
velocity was attained.  Aileron  deflections were l imited  to  approxi- 
mately by a chain  attached  to the control  stick;  the  rudder w a s  held 
fixed throughout t he  maneuver. Rolls t o  l e f t  and right- were made at- an 
a l t i tude  of 10,000 feet up t o  M = 0.7 during which rolling  velocity, 
the  result ing  sideslip  angle and yawing velocity, aileron deflectione, 
and wing twiat w e r e  measured. 

In order t o  account for the loes in rolling velocity due t o  side- 
s l i p  an addi t iona l   f l igh t  wae  made t o  determine the eideelipping char=- 
t e r i s t i ce  of the airplane. Measuremsnts of aileron  deflection and 
angle of sidesl ip  were made during  steady  aideslips  to  right and l e f t  
up t o  M = 0.6 a t  10,000 feet-.- 

Experimentally Determined Rolling Velocity 

Typical  time  histories of measwemonta made in l e f t  r o u e  a r e  
shown i n  fi-e 4. F r o m . t i m e  hietor les  of t h e  tJrpe shown, the m a x h u m  
roll ing  velocity and the  airspeed and aileron -le a t  the time of 
maximum roll ing  velocity were obtained. The mean of r igh t  and laft 
aileron  angles wae mea in compllting the correspoding wing-tip helix 
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. 
angle  per  unit  aileron  deflection 8 Pb'm. Figure 5 shovs the  variation 

with  the  factor q / d x .  In this figure  the  circled  points 
represent values of 1 Pb 2.v measured fn ruddercfixed rolls and the squared 
points  represent  these measured values  corrected for rolling-velocity 
losses due to   s idesl ip .  The correction t o  be applied  to measured values 

of Pb /m w a s  determined f r o m  a lmowledge,of the  sideslip angle and 
aileron  deflection  occurring at the time of maximum roll ing velocity In 
rudder-fixed r o l l s ,  a d  the aileron angle required to balance  sideslip 
in steady  sideslipping flight. 

Of 6 

Calculated Rolling Velocfty 

Peasson and Aiken (reference 4) have used  lifting-line theory i n  
the derivation of formulas t o  compute roILing-effectiveness losses and 
aileron-reversal speed. Charts arq also presented which, when used i n  
conjunction  with  simplified formula.8, considerably  reduce  the compu- 
ta t ion time. In the development of these  charts,  induced-lift  effects 
have been taken  into  account an& a cubic wing-torsional-stiff'neas c w e  
has been assumed. 

F o r d a s  derived in reference 4 when coribined  and mdff ied t o  a form 
suitable f o r  present  calcuU-bions  reeult in 

b/2 \" / 
which indicates zero rolling velocity  (aileron reveraal) when 

The aerodynamic parameters, s t ructural  parameters, and geometry of 
the  airplane  required  to  calculate the  rolling-effectiveness loss and 
aileron reversal speed are listed as follows: 
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Wing t o r s i o d   s t i f f n e s s  at  midaileron  station mer, footspounds 
perrad ian .  . . . . . . . . . . . . . . . . . . . . . . . .  516,000 

da/aS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.450 d 4 a B  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.575 
7 . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  0.920 

Wing span, b, f ee t  . . . . . . . . . . . . . . . . . . . . . . .  40.8 
Mean geometric chord,  c, fee t  . . . . . . . . . . . . . . . . . .  7.3 
W i n g  mea, S, s q w e  f ee t  . . . . . . . . . . . . . . . . . . . .  300 

T , . . . . . . . . . . . . . . . . . . . . . o . . . . . . . .  O m 2 w  
- r  

The value of toreianal 6tiff'ness.given above was obtained by Wing 
the  average of the values  given in  figure 6 for r ight  and l e f t  w i n g s  at 
the  midaileran  eation. The torsional--stiffnees  dietributian shown in  
figure 6 was determined from s t a t i c   t e s t s  made a t  the Langley a i r c ra f t  
loads calibratian  laboratory, and wa8 obtained by applying equal and 
opposite  torques t o  the w i n g s  outboard of the midaileron statim. 

The aerodynamic parameters dcdaS and &/dB were obtained from 
t ee t s  made in the Langley &foot h i m p e e d  tunnel on an airfoi l   sect ion 
6imile;r t o  the 8ection a t  the  midaileron of the   tes t   a i rplane but  having 

a i le rm4hord  t o  winpchord  ratio of 0. x). Values shown above &re 
the low-speed valuee modified by an amouzlt proportional  to the  theoreti- 
cal  differences  existing  for  aileron-chord  to  wingdhord  ratios of0.20 
and 0.21. 

The parameters 7 and 7 a r e  constants which depend on the taper 
r a t i o  and spanwiee location of the ailerons and were obtained from the 
charts  presented in reference 4. 

In figure 7 is shown the p/6 variation  with Mach number 
a t  10,000 f ee t  as determined from o d c u h t i o n s  made using equation (1) 
as w e l l  as the experimentally  determined solling velocitiee. The full 
l i ne  in the figure  represents the  rolliag-elocity  variation  calculated 
by use of the low-speed value of da/ds throughout the Mach number 
range while the long-da& line  represent8  the  roUdng-velocity  variation 
calculated  using the change i n  da/d€5 with Mach nuuiber as given in 
reference 5. 

When the  indicated  eubstitutfans axe made in equation (2),a 
reversal q / d n  of 1460 pounds per square- foot is indicated. 

W w w i s t  Measurements 

Figure 8 shows the t w i s t  produced by a unit aileron deflection at 
a station  just  inboard of the midAleron station on the r ight  w i n g .  The 
twist measurements were obtained by wing the in6trumSnh which m8 
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described in the  section on instrumentation, attached at the  inboard end 
t o  a wing r i b  64 inches from the airplans center lhe. As a resul t  the 
measured twist was the twist of the  reference  s ta t im  re la t ive to  
s ta t ion 64. C&lculatians of the twist   d is t r ibut ion  mer  the wing 
indicated that the twist re la t ive  t o  t h e  airplane center line would be 
approximately 10 percent  greater than that shown in figure 8. 

The obtained in right and left r o l l s ,  modified t o  account 
6 

for the  rolling"ve1ocity 106s due t o  8fdedip,  shaws a linear m i a t i a n  
when plotted  against the parameter q/ia (fig. 5). Erkzapolation 

of these f l i gh t  data indicates a reversal q/d- of 1275 Pounds Per 
square foot  equivalent  to M = 0,843 at 10,OOO feet, w h i l e  the  calcu- 
lations  indicated 1460 pounds per s q w e  foot (bf = 0.855) as the 

reversal q / V X  (fig. 7). 

An extrapolation of the flight data t o  Mach  number^ of 0.8 or 
greater i e  of rather  questionable  validity in v i e w  of the   fac t  that the 
flight data did not exceed M = 0.7. A t  sea level, however, a value 
of q / f a .  of 1275 pounds per square foot  represents a Mach n&er 
of only 0.75 which should  be a good approximation t o  the r e v e r d  Mach 
rider at  this altftude. 

The variation of wlng twist caused by deflecting  the ailercm as 
measured in   ro l l ing   f l igh ts  w a s  found f r o m  figure 8 to  increase  with q 
according t o  the factor l / V i Z Z .  since t h e  asbount of ~ l n g   st 
produced by deflecting an aileron results direct ly  from the pitching 
moment produced by the  deflected ailercm, the  reeults ahown in figure 8 
indicate that the assumption for dc&8 made in the calculations was 
valid  within the Mach nunher range covered by the flight tests. 

In the  simplified  formulas used for  the  preceding  caldulatfone da/d8 
was assumed to  be a constant w h i l e  a d d 8  was varied according t o  the 
Glauert  compressibility  correction  factor.  Figure.7 shaws tha,t 
calculations which take  into  account wing f lex ib i l i ty   g ive  good agre- 
ment with  results  obtdned fram flight  tests.  Closer  apeemant  resulted 
when both w i n g  f l ex ib i l i t y  end the  effects of cnmpressibility on da/aS 
were considered i n  the caJ.culations. 

The variation of da/d8 with Mach nlzmber w i l l  generally  not  be 
hown for  the  specific  wlng+ilerm combination under.consideration. 
IR such cases it appears that the use of the  simplified  procedure of 
Pearson and Mken w i l l  give  results that anly sl ight ly  overestimate the 
rol l ing.   abi l i ty  of the airplane. 



8 

CONCLUSIONS 
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1. Use of a simplified method for calculation af the lose i n  
rolling  velocity due t o  wing twist f o r  a fight-m-type  airplane showed 
good agreement with f l ight   resul ts .  

2. Cloesr agreement w a s  obta,ined when the  effecte of compressibility 
on the aerodynamLc parameter da/d6 were included in the calculations. 

3. Calculation of the Mach number at which aileron  reversal would 
occur agreed well  with  results obtained by extrapolation of f l i g h t  data. 
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Figure 3.- Whg-twist-lnstment installation. -i@v 
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